We present the first supercluster catalogue constructed with the extended ROSAT-ESO Flux Limited X-ray Galaxy Cluster survey (REFLEX II) data, which comprises 919 X-ray selected galaxy clusters with a flux-limit of 1.8 × 10 −12 erg s −1 cm −2 . Based on this cluster catalogue we construct a supercluster catalogue using a friends-of-friends algorithm with a linking length depending on the (local) cluster density, which thus varies with redshift. The resulting catalogue comprises 164 superclusters at redshift z 0.4.
, hereafter EETMA were the first using X-ray selected clusters as well as Abell clusters.
Superclusters are generally defined as groups of two or more galaxy clusters above a given spatial density enhancement (Bahcall 1988) . Their sizes vary between several tens of Mpc up to about 150 h −1 Mpc. As the time a cluster needs to cross a supercluster is larger than the age of the Universe superclusters cannot be regarded as relaxed systems. Their appearance is irregular, often flattened, elongated or filamentary and generally not spherically symmetric. This is a sign that they still reflect, to a large extent, the initial conditions set for the structure formation in the early Universe. They do not have a central concentration, and are without sharply defined boundaries.
Compared to this earlier work we have made progress in compiling statistically well-defined galaxy cluster catalogues. X-ray galaxy cluster surveys allow us to construct nearly mass-selected cluster catalogues with well understood selection functions. The purpose of this work is the construction of a supercluster catalogue on the basis of REFLEX II -a complete and homogeneous sample of X-ray selected galaxy clusters -and a detailed analysis of its characteristics. X-ray selected galaxy clusters are very good tracers of the large-scale structure as their X-ray luminosity correlates well with their mass. So far numerous supercluster catalogues have been published based essentially on optically selected samples of galaxy clusters. Such samples suffer among other things from projection effects, whereas X-ray selected cluster samples provide a well-known selection function. Here a novel method of compiling such a catalogue is presented which accounts for the specific properties of X-ray selected cluster samples. The resulting catalogue comprises 164 superclusters in the redshift range z 0.4 and is in good agreement with existing supercluster catalogues.
A main goal of this work is the characterisation of superclusters as distinct environments compared to the field, and the use of superclusters as special laboratories making use of the particular environmental conditions. One application in this paper is the comparison of the X-ray luminosity function of galaxy clusters in superclusters and in the field. We expect some difference for the following reason. According to Birkhoff's theorem structure evolution in a supercluster region can be modelled in an equivalent way to a Universe with a higher mean density than that of our Universe. The major difference between these two environments is then a slower growth of structure in the field compared to the denser regions of superclusters in the recent past. Thus, as will be further explained in Sec. 7, we would expect a more top-heavy X-ray luminosity function in superclusters. We subject our supercluster sample to a test of this expectation. This paper is organised as follows. After a brief description of the REFLEX II catalogue in Sec. 2, we explain the construction of the supercluster catalogue in Sec. 3. In detail we also illustrate the role of the overdensity parameter, and give a justification for our parameter choices. Sec. 4 presents the REFLEX II supercluster catalogue and gives an overview of the properties of the superclusters. A more detailed view on the catalogue is given in Sec. 5. We take a volume-limited sample from the REFLEX II catalogue to construct a basis for the study of more astrophysical aspects of superclusters in Sec. 6 and study the supercluster selection by varying the overdensity we probe. In Sec. 7 we study the X-ray luminosity functions for the clusters, and compare them to the field clusters to look for differences due to environmental effects. We summarise and give an outlook of our future work in Sec. 8.
For the derivation of distance-dependent parameters, we use a flat Λ-cosmology with Ω M =0.3, and H 0 = 100 h km s −1 Mpc −1
with h = 0.7. We note that the resulting supercluster catalogue does not depend on the energy density parameters.
REFLEX II CLUSTER CATALOGUE
The REFLEX (ROSAT-ESO Flux Limited X-ray) cluster survey is based on the ROSAT All-Sky Survey (RASS; Trümper (1993) ). Our main goal with this project is to characterise the large-scale structure and to utilise them as astrophysical and cosmological probes. The extended REFLEX cluster sample, REFLEX II comprises 919 clusters of galaxies with its last spectroscopic campaign completed in 2011 . The clusters are located in the southern hemisphere below a declination of +2.5 degrees excluding the region around the galactic plane (±20 • ) as well as the regions covered by the Large and the Small Magellanic Clouds. The total survey area is 4.24 sterad (33.75% of the entire sky). The REFLEX II clusters are selected with a fluxlimit of 1.8 × 10 −12 erg s −1 cm −2 in the ROSAT energy band (0.1-2.4 keV). REFLEX II is a homogeneous sample with an estimated high completeness of more than 90%. The highest cluster redshift is z = 0.539, and roughly 98% of the clusters are at redshifts z 0.4.
The flux limit was imposed on a fiducial flux calculation assuming cluster parameters of 5 keV for the ICM temperature, a metallicity of 0.3 Z ⊙ , a redshift of z=0, and an interstellar hydrogen column-density according to the 21cm measurements of Dickey & Lockman (1990) . This fiducial flux was calculated independent of (prior to) any redshift information and is therefore somewhat analogous to an extinction-corrected magnitude limit without K-correction in optical astronomy. After measuring the redshift with our spectroscopic campaigns we then calculated the true fluxes and luminosities by taking an estimated ICM temperature from the X-ray luminosity-temperature scaling relation (Pratt et al. 2009 ) and redshifted spectra into account.
The total count rates, from which fluxes and luminosities were determined, were derived with the growth curve analysis (GCA) as described in Böhringer et al. (2000) . The cluster candidates were compiled from a flux-limited sample of all sources in the RASS analysed by the GCA method, combining all information on the Xray detection parameters, visual inspection of available digital sky survey images, information in the NASA extragalactic database 1 , and other available images at optical or X-ray wavelengths. In addition, we cross-correlated our data with publicly available SZ catalogues from large surveys such as Planck, SPT, and ACT. For a detailed description of the construction of the REFLEX II galaxy cluster catalogue, we refer to Böhringer et al. (in prep.) . For the compilation of the supercluster catalogue we used 908 clusters discarding 11 clusters with missing redshifts.
CONSTRUCTION OF THE REFLEX II SUPERCLUSTER CATALOGUE
In this section we describe the method to construct the supercluster catalogue from the REFLEX II survey. This catalogue is the first supercluster catalogue based on a complete and homogeneous X-ray flux-limited cluster sample. The method to compile the supercluster catalogue is the friends-of-friends algorithm. This algorithm searches for neighbours of clusters within a certain radius, defined by the linking length l. It begins with the first cluster in the list of clusters and searches for other clusters ("friends") in a sphere with the radius l around each cluster. All clusters within this sphere are collected to the first system. A sphere around each friend is then searched for further clusters ("friends of friends") in a recursive manner. All clusters connected in this way are assigned to a supercluster. The crucial step in applying the friends-of-friends algorithm is the specification of an appropriate linking length. If the linking length is too small, only the cores of superclusters are selected. If it is too large, individual clumps begin to grow together and build a larger system. As the number of clusters decreases significantly with redshift, one unique linking length for all clusters, which is normally used for volume-limited samples, would be either too large to detect nearby superstructures or too small to find superclusters at high redshifts.
The superclusters of the catalogue compiled by Zucca et al. (1993, hereafter ZZSV) , were selected using a linking length depending on the overdensity f , i.e. the cluster density enhancement over the mean cluster density, f = n/n 0 . As the local density n ∝ l −3 , the linking length l ∝ ( f n 0 ) −1/3 . The sample used by ZZSV was volume-limited, so the same linking length could be used for the whole sample independent of the cluster redshifts. As the density of the cluster sample varies with the position in the sky, the linking length was weighted with the inverse of the selection function that described the density variations.
The comoving volume of a redshift shell is defined by
in units of Mpc 3 where A = 4.24 sr is the the area of the sky covered by the REFLEX survey, and d c (z) is the comoving distance at redshift z. The comoving mean cluster density in these redshift intervals is
in units of Mpc −3 , where N is the number of clusters in the redshift interval. The average distance between two clusters in a given redshift shell is thend = n −1/3 0 and the linking length is therefore
It is clear from Eqs.
(1)-(3) that the linking length depends on the choices of the overdensity, f , and of ∆z, i.e. the size of the sliding window in redshift, ∆z=z max -z min . The larger the value of f , the higher the density peak we probe, which means that only the rare high density peaks are considered yielding a smaller linking length. Hence we expect to find a smaller number of superclusters. This effect is shown in Fig. 1 . The linking length with our reference value, f =10, is shown as a solid line, and f = 2 corresponds to the dotted line above, and f =100 and 500 are shown as dashed lines. There are two curves corresponding to each overdensity parameter, which represent two different ways of calculating the linking length. The step-like curves are produced by taking a ∆z with a fixed z max and z min , in this case ∆z=0.05 in the redshift range covered by REFLEX IIṪhe advantage of this choice is that within a redshift bin of 0.05, the linking length is fixed. Alternatively we devise a linking length that varies continuously with redshifts, which is constructed by calculating the linking length at the given cluster redshift where the volume for the density calculation is defined by Figure 1. Linking length as a function of cluster redshift. We compare the traditional linking length determined in discrete redshift intervals (steps) to the continuous linking length determined at each cluster redshift over a range of the overdensity parameter, f . A larger f corresponds to a smaller linking length, i.e. for the values of f ranging from 2, 10 (solid line), 100, and 500 the corresponding curve moves from top to bottom. ±∆z = 0.025 on each side of the cluster redshift. The resulting linking length is shown as continuous curves in Fig. 1 . While the use of fixed redshift bins results in an effectively lower f value at z min in comparison to z max , the use of a continuous linking length avoids this artificial bias. We therefore prefer and adopt the latter method. By construction the continuous linking length goes roughly through the middle of each discrete step.
The supercluster catalogue that we present is constructed with the continuous linking length with a couple of modifications. For the linking length between two clusters within a supercluster we take the mean of two linking lengths assigned to each cluster. This procedure produces exactly the same superclusters regardless of the choice of the first cluster selected to search for its friends. Similar to the concept of the Brightest Cluster Galaxy (BCG) we introduce the notion of the Brightest Supercluster Cluster (BSC), and our search starts from the brightest clusters in the REFLEX II catalogue. Again this does not affect the properties of the final supercluster catalogue since the mean of two linking lengths is used for the construction.
The influence of ∆z on the resulting supercluster sample is shown in the top panel of Fig. 2 . The reference redshift bin-width of ∆z=0.025 is shown as solid line, and other values taken at 0.01, 0.05, and 0.1 are shown as dotted lines. The very small differences in the number of superclusters recovered with different values of ∆z indicates that the linking length is not too sensitive to the choice of ∆z at a fixed overdensity parameter. Fig. 2 also shows the number of superclusters obtained for different overdensities. Towards low overdensities individual superclusters at lower redshifts begin to grow together until they build mainly one large structure. Towards high overdensities the number of superclusters decreases due to the decreasing linking length. The maximum number of superclusters is at overdensities f ≈ 4 . . . 10. The main parameter which determines the nature of the superclusters is hence the overdensity parameter. In this paper we take f =10 as our reference for the argument given in the next section.
Choice of the overdensity parameter
To gain an understanding of the significance of the choice of a certain overdensity parameter, f , for the supercluster selection, we explore in this section the physical state of the superclusters as a function of f . For this consideration we assume a flat-ΛCDM universe with a matter density of, Ω m = 0.27. In this framework we can distinguish three characteristic evolutionary stages of bound structures: (i) The structure is gravitationally bound, it has a mean density above about twice the critical density of the Universe, and the structure will gravitationally collapse in the future. (ii) The structure has decelerated from the Hubble flow and is now starting to collapse. This point is also called the moment of turn-around and occurs roughly at the time when the mean overdensity of the structure is about three times the critical density of the Universe. (iii) The time of virialisation, which is the time when a homogeneous sphere approximation to the overdensity of the structure would collapse to a singularity. This stage is not reached by superclusters, since if they would have, they would become large galaxy clusters, by definition.
To classify superclusters according to this scheme, we thus need to know their mean matter overdensities with respect to the critical density of the Universe. This overdensity can not be determined easily and directly. Instead, we will use the cluster density as a proxy of the matter density. But in this application we have to keep in mind, that galaxy clusters show a biased density distribution, i.e. the density fluctuations in the cluster distribution are amplified by a bias factor with respect to the density distribution of all the matter, which we define as
where ∆ X,m = ρ X −ρm ρm . The subscript m refers to overdensities with respect to mean cosmic density. The study of this bias for the case of the REFLEX II sample shows that for the clusters at low redshift z 0.15 (which involves many clusters with low X-ray luminosity and low mass) bias factors between 3 and 4 should be expected, while for the higher luminosity at larger redshifts values of up to 5 should apply (Balaguera-Antolinez et al. 2011) .
Thus for superclusters at low redshifts to be bound we find the following condition for case (i):
where the subscript c denotes overdensities with respect to critical cosmic density, and for case (ii):
where ∆ DM,c and ∆ DM,m are the matter overdensities. ∆ CL,m is the cluster overdensity, and b CL is the bias in the density fluctuations of clusters.
We therefore decided to explore the REFLEX II superclusters with the above results in mind for two bracketing values of f . With f = 10 we sample superstructures more comprehensively, slightly beyond definitely bound structures, and we expect that for these structures a minor part of matter may not collapse unlike the core part of the supercluster in the future. We will explore this question of how much material of f = 10 supercluster is actually gravitationally bound in more detail in a future paper by means of numerical simulations. With the other extreme we study supercluster detected with f = 50 which we expect to be tightly bound and having started to collapse according to Eq. (6).
Thus we adopted these two fiducial values for the construction and discussion of our supercluster catalogue. In the higher redshift region the bias factor increases, which will result in lower matter overdensities for given value of f . But at the same time also Ω m increases with redshift which partly compensates this effect.
The bottom panel of Fig. 2 shows the fractional number of superclusters with different richness as a function of the overdensity parameter. The f =10 and ∆z=0.025 case is shown with a solid line with crosses, and dotted lines represent different values of ∆z, 0.01, 0.05 and 0.1. As in the top panel the choice of ∆z does not influence the number of superclusters as much as f . There are three groups of lines, the uppermost group is for the fraction of superclusters with two member clusters, the middle for the all superclusters with three member clusters, and the group at the bottom shows the rest of the richer superclusters. At lower f we find more rich superclusters since the linking length becomes very large, thus connecting physically un-connected clusters. As f gets larger the fractional counts of pair superclusters, i.e. superclusters with two cluster members, dominate more and more over other richer superclusters. This is due to the fact that we are only probing the highest peaks of the overdense regions with much smaller linking lengths. We note that the distribution of the fractional counts peaks at f = 10 for the superclusters with three member clusters.
REFLEX II SUPERCLUSTER CATALOGUE
We present the REFLEX supercluster catalogue constructed with f = 10 in Table B1 in the Appendix. It comprises 164 superclusters constructed with 895 REFLEX II clusters at z 0.4 where 486 clusters are found inside these superclusters. Besides coordinates and redshifts, we give the size of each supercluster, R max , defined by half the maximum extent of a supercluster. We also indicate in the eighth column if superclusters constructed with f = 50 are found in this catalogue. Given that the linking length for f = 10 is larger than that for f = 50, all superclusters built with f = 50 are found in f = 10. They are either merged into a single supercluster or acquire more clusters at f = 10. The location in the sky and redshift of the superclusters is determined by the X-ray massweighted mean of the member clusters. We adopt the scaling relation used in where the X-ray mass, M X , is proportional to L 0.62
At an overdensity of f = 10 all known nearby superclusters such as Shapley, Hydra-Centaurus, Horologium-Reticulum, Aquarius and Pisces-Cetus are found. Some of them are split into subgroups. This is due on the one hand to the small linking length at low redshifts and on the other hand to the fact that not all Abell clusters which are normally included in these superclusters, like those listed for example in EETMA, are contained in the REFLEX II sample, so that, even with larger linking lengths, not all subgroups could be linked together. Choosing a just slightly lower or higher overdensity like e.g. f = 8 or f = 12 does not make much difference. Fig. 3 compares the redshift distribution of REFLEX II clusters shown in a solid line with that of members of superclusters in a dotted and the field clusters in a dashed line. 80% of the RE-FLEX II clusters lie below z = 0.2 and 94% below z = 0.3. The supercluster distribution practically follows the distribution of the REFLEX II clusters, however, the number of clusters in superclusters drops rapidly at z 0.1. In addition the number of clusters in the superclusters falls a bit faster than that of the field clusters. The distribution peaks slightly below z=0.1. The largest fraction of superclusters was found at this redshift together with another peak at z around 0.2. The cluster density decreases with redshift, hence fewer superclusters are found at high redshift. Due to the decrease of the cluster density at higher redshifts z 0.3 and the consequently larger linking lengths the definition of the superclusters is less solid at higher redshifts. Therefore the interpretation of the supercluster properties at high redshifts, especially for those with two members with a relatively large distance between them is rather speculative. Hence in this paper we restrict our analysis only up to z 0.4. We further investigate the significance of these pair superclusters later in this paper. In the next section we discuss the details of the supercluster properties.
PROPERTIES OF THE SUPERCLUSTERS

Specific superclusters
In this section we identify some of the well-known superclusters in our catalogue. The spatial distribution of REFLEX II clusters are shown in Fig. A1 in the Appendix. The clusters in the superclusters are marked in blue dots linked by lines to their BSC, and the field clusters are marked in red dots. The Shapley supercluster, known as the richest supercluster at z = 0.046, is found and according to the classical identification of the Shapley supercluster, it is divided into three sub-groups consisting of 21 clusters in total in our supercluster catalogue compiled with f = 10. The three-dimensional positions of the individual clusters belonging to the three sub-groups are shown in Fig. 4 . The clusters are coloured according to their luminosities, the most luminous clusters are clustered in the main group in the middle. The left-most group on the x-axis is the supercluster ID 100 in Table B1 , the large group in the middle is ID 98, and six clusters at the lower right corner belong to ID 94. We note that all three regions grow together at f = 6. Hydra-Centaurus is located in a similar region of the sky as the Shapley supercluster, but at a lower redshift, z ∼ 0.011. In our catalogue it is divided into two superclusters, ID 92 and 95 with 12 clusters in total.
Aquarius B has 16 cluster members in our sample, divided in two superclusters, ID 148 and 157. This is remarkable as it is at a redshift of z ∼ 0.08, and is nearly twice as far away as Shapley. This supercluster seems to be very rich in X-ray clusters, but not extraordinarily rich in optical clusters (see EETMA).
ID 40 and 42 with 12 members altogether build the Horologium-Reticulum supercluster at z ∼ 0.07 and z ∼ 0.06 respectively. This is the largest supercluster known in the southern hemisphere. It was first reported by Shapley (1935) and studied by Lucey et al. (1983) and Chincarini et al. (1984) . This supercluster is very rich in Abell clusters (see for example EETMA) and still quite rich in X-ray clusters, although less rich compared to Shapley or Aquarius B due to its larger distance.
ID 120 has seven members and a redshift z = 0.0554. It can be identified with supercluster 172 in EETMA and supercluster 62/2 in Zucca et al. (1993) . It is also one of the richest superclusters in X-rays. ID 89 at z = 0.0848 is with ten members also quite rich, which is identified with supercluster 126 in EETMA.
The superclusters at redshifts z > 0.2 are not as rich as the nearby superclusters, as the number density of clusters decreases rapidly towards higher redshifts while the volume gets larger. The number of superclusters with more than three clusters beyond z > 0.3 is one, between 0.2 < z < 0.3 is six, and 21 for 0.1 < z < 0.2. The richest superclusters above z = 0.1 are ID 10 at z = 0.111 with seven clusters and ID 85 at z = 0.128 with six clusters. There are six superclusters with five or more member clusters above z=0.1.
Multiplicity function
The multiplicity function is the number of clusters found in a supercluster, which is analogous to the richness parameter for an optical cluster. We include in our catalogue already superclusters with only two members. Of course there is the question if there is more to these cluster pairs than just two clusters which are close together by chance. We attempt to answer this question in section 6 where we investigate if cluster pairs selected with a high X-ray luminosity threshold are found to be located in superclusters which have a higher multiplicity when the X-ray luminosity cut is lowered. Since the answer we find is encouraging, we take cluster pairs into our catalogue expecting that the majority of these systems would be in richer systems if the selection was extended to lower mass cluster and galaxy group regime.
The multiplicity of the REFLEX II superclusters is given in Table B1 , and the fractional multiplicity functions are shown in Fig. 5 for a number of overdensity parameters. A large linking length corresponding to a small value of f yields a larger spread in the multiplicity distribution. This is expected since a large linking length collects, by construction, clusters lying above a smaller density threshold yielding larger and richer superclusters. There are some extremely rich superclusters with more than 20 members in the top left panel of Fig. 5 . For a smaller linking length corresponding to a larger overdensity, the distribution is tighter, steeply rising towards low multiplicities. This implies that this high overdensity threshold probes only the most dense areas, hence those superclusters are dominated by smaller pairs. At f = 50 the largest multiplicity occurs at the core of the Shapley supercluster. It still has a multiplicity of 6 at f = 1000.
The multiplicity function of our catalogue can also be understood from plot in the bottom panel of Fig. 2 . With a small linking length the fraction of pair superclusters dominates the total number of superclusters while the number of richer superclusters increases clearly with a larger linking length. Fig. 6 shows the multiplicity distribution of superclusters as a function of redshift for f = 10. The pair superclusters appear at all redshifts while richer clusters tend to segregate slightly below z=0.1. At z 0.2 nearly all superclusters are pair superclusters. No superclusters with more than 5 members are found at redshifts z > 0.2.
Extent of superclusters
The distribution of the maximum radius, R max , defined as half the maximum separation between the member clusters, of the RE-FLEX II superclusters is given in Fig. 7 . The solid line denotes the distribution of the pair superclusters, and the dotted line is for the rest of richer superclusters. The distribution peaks around 10 Mpc, and the largest radius is just below 100 Mpc for the entire supercluster sample. The smallest and the largest superclusters are dom- inated by pair superclusters while the medium-sized supercluster distribution is equally occupied by both pair and richer superclusters. Also shown in Fig. 7 is an inset of the same distributions where the redshift is restricted to z 0.22. This particular choice of the redshift cut will be explained later in Sec. 6, however, in the meantime we note that all eleven superclusters of size above 60 Mpc are located at z > 0.22. We have started to investigate the corresponding supercluster properties in cosmological simulations, and here we only make a short remark that the distribution of the extent of REFLEX II superclusters resembles that of the superclusters constructed from the simulation. We will defer a detailed discussion to a future publication (Chon et al., in prep.) .
Comparisons with other catalogues
A direct comparison with other supercluster catalogues is not possible as this is the first time that a complete flux-limited cluster catalogue was used for the supercluster selection. Table 1 lists supercluster catalogues constructed directly with samples of galaxy clusters together with some of their properties. All catalogues except EETMA are exclusively based on Abell or Abell/ACO clusters. The early supercluster catalogues are based on relatively small cluster samples, as only a small fraction of the Abell clusters had a measured redshift. In many cases clusters with estimated redshifts were also included in the samples. Postman et al. (1992) used a sample of Abell (1958) and ACO (1989) clusters with only 15 clusters from the ACO catalogue resulting in a less complete sampling of the southern sky. Cappi & Maurogordato (1992) performed a similar analysis with a more equal coverage of the northern and southern sky, confirming the results of Postman et al. (1992) in the north. The superclusters of all catalogues except those of Abell's (Abell 1961) were selected using some kind of friends-of-friends analysis. Abell found superclusters by cluster counts in cells with a projected galaxy distribution for each distance class. In five catalogues the linking length depends on the overdensity and these catalogues were compiled for different overdensities, whereas for the other catalogues fixed linking lengths were used.
EETMA were the first to use X-ray selected cluster samples. Their goal was to study the clustering properties of Xray clusters in comparison to Abell clusters. Four different Xray cluster samples were used: the all-sky ROSAT bright survey (Voges et al. 1999 ), a flux-limited sample of bright clusters from the southern sky (de Grandi et al. 1999) , the ROSAT brightest cluster sample from the northern sky (Ebeling et al. 1998 ) and a number of ROSAT pointed observations of the richest ACO clusters (David et al. 1999) . The mixture of different samples produces an effective sample that is neither complete nor homogeneous. For the comparison of the clustering properties with Abell clusters this might be nevertheless a good approach. Furthermore using different samples simultaneously was at that time the only possibility to get a relatively large number of clusters, which is necessary in order to compare it with the large number of Abell clusters. EETMA give a list of 99 Abell superclusters that contain X-ray clusters of galaxies, thereof 47 superclusters in the southern hemisphere. 34 REFLEX II superclusters could be clearly identified with superclusters in that sample. Among ten additional superclusters in the non-Abell X-ray clusters by EETMA three could be identified with the REFLEX II superclusters. A number of superclusters in REFLEX II especially the very rich ones, can also be identified with superclusters in other catalogues that cover the southern sky, e.g. ZZSV or Kalinkov & Kuneva (1995) .
The fact that a significant number of superclusters are common in these catalogues constructed with significantly different selection functions shows that many of these superclusters are very characteristic and prominent structures that clearly stick out of the general cluster distribution. This is analogous to the above finding that very similar superclusters are found for a wide range of linking length.
VOLUME-LIMITED SAMPLE
To overcome the problem of a supercluster catalogue in which the linking length varies with redshift, and in which consequently the nature of the superclusters also changes with distance, we also considered the compilation of a supercluster catalogue based on a volume-limited sample (VLS) of REFLEX II clusters. This sample has been constructed by a means of constant luminosity and redshift limit. Thus volume-limited samples of REFLEX could be any group of clusters with a luminosity and redshift limit not crossing the parabolic boundary in the L max -z plane. Therefore the dynamical state of the superclusters from the VLS of clusters does not change with redshift. Its limitation lies in, however, small number statistics.
The VLS also gives us the chance to explore the robustness of the selection of superclusters for various selection criteria. In relation to the construction of the supercluster catalogue in the previous sections our most urgent question is the following. When going to higher redshifts, which corresponds to higher luminosity limits, the superclusters are selected from a density distribution with decreasing mean density and a larger linking length. Thus it would be important to know if we would have selected the same superclusters had we more data with a lower luminosity limit. With the VLS we can address this question by "artificially" increasing the luminosity limit (reducing the information) and by comparing the supercluster samples at increasing luminosity cuts.
The other question arises from the definition of superclusters. It is somewhat arbitrary in the sense that superclusters are not collapsed objects and their extent cannot be defined uniquely. This Table 1 . A list of supercluster catalogues compiled in the past using Abell/ACO and X-ray cluster catalogues. For each catalogue the number of clusters, the catalogue on which the supercluster search is based the number of clusters with a measured or estimated redshift, the linking length l in units of h −1 Mpc except this work, the overdensity f and the number of identified superclusters are listed. Additionally the selection criteria (distance group D, richness R, redshift z, distance d, magnitude of tenth brightest galaxy m 10 or galactic latitude b II ) are given. Either the linking length l or the smallest overdensity f used to identify the superclusters are specified. Catalogues including superclusters in the southern hemisphere and all-sky catalogues of superclusters were only compiled after the ACO catalogue had been published. ZZSV used only Abell/ACO at distances d 300 Mpc/h. The supercluster catalogue compiled by EETMA using Abell/ACO clusters is an update of the catalogue of Einasto et al. (1997) , and this is again an update of Einasto et al. (1994) . EETMA used four different catalogues of X-ray clusters with different flux limits. 99 of their Abell/ACO superclusters contain at least one X-ray cluster, additionally 19 superclusters containing exclusively X-ray clusters were found. means that understanding the contamination in the catalogue is important. To answer this question we need a simulation to which we can apply the same selection criteria as to our REFLEX sample. In this paper, however, we take an alternative approach that utilises the REFLEX data already in hand, and defer further discussions based on simulations to the future publication (Chon et al., in prep.) . By constructing hierarchical layers of VLS with increasing lower luminosity cuts we will address the questions raised above. As a reference VLS we cut out a volume defined by z 0.1 and L X,0 5 × 10 43 erg/s. This is one of the largest volume-limited samples that can be constructed from REFLEX IIẆith this sample we achieve a relatively high cluster density rather than the largest volume. There are in total 171 REFLEX II clusters, and we find 31 superclusters with f =10. Their properties are given in Table 2 . The column headings are identical to Table B1 in the Appendix except that we identify the newly found superclusters with the superclusters in the full REFLEX II supercluster sample in Table B1 in the eighth column.
In addition to the reference sample we construct another three volume-limited samples with increasing lower luminosity cuts, 1, 2, and 3×10 44 erg/s. Table. 3 summarises for the different volumelimited samples our findings. As expected the number of superclusters decreases as the lower luminosity limit increases.
To understand how each supercluster survives a larger luminosity cut at each step we visualise this process by a tree structure shown in Fig. 8 . There are two sub-tables, in which the first row records the supercluster ID as in Table 2 . The rest of the rows then contain the number of member clusters in each supercluster if the supercluster was found in the specific volume-limited sample indicated by the first column. The blue arrow denotes that the supercluster from the lower luminosity cut survives up to the next higher luminosity cut. A "+" denotes that the supercluster member gained an extra x number of clusters that were previously not found within the same supercluster in the preceding lower luminosity cut.
In summary there are 17, 6, and 2 superclusters found in the L X,1 , L X,2 , and L X,3 samples respectively. As expected all superclusters identified at the higher luminosity cuts are found in the catalogue compiled with the lower luminosity cut with one exception, which is denoted as NEW in the last column of Fig. 8 . This supercluster contains two member clusters at a maximum radius of 23 Mpc. Hence we take this as an indicator for a possible contamination in our sample.
What is interesting is then how this lower luminosity limit translates into the linking length as a function of redshift for the full sample. For each sample we have a fixed linking length, listed in column 5 of Table. 3. By combining this table and Fig. 1 we can infer that the largest lower luminosity cut of the four volumelimited samples corresponds to a redshift of 0.22. This means that the statistics that we learn from the volume-limited samples can be applied to the discussion of the full sample up to z=0.22. Therefore we interpret the emergence of a new, possibly unreal supercluster in the L X,1 sample of 17 superclusters as a maximum contamination of 5.8% for those 86% of the superclusters up to z=0.22. We can also test how many superclusters found at redshifts z 0.22 are larger than 93 Mpc in diameter, and how many cluster members they contain. We find four superclusters in this range, and they are richer systems with 3 or more member clusters. Hence our sample below z=0.22 does not suffer from this random spatial coincidence by not having a large pair supercluster. There is no good way to extrapolate this number out to z=0.4, however, we do not expect a much larger contamination in the rest 14 % of the catalogue.
Volume fraction of superclusters
The REFLEX II supercluster catalogue includes 53% of the RE-FLEX II clusters, and in the VLS 62% of the clusters are associated to superclusters. We have a hint from the spatial distribution of superclusters in Fig. A1 that it is inhomogeneous. To test how much Table B .1 (9) f = 50 The position and redshifts are mass-weighted by the member clusters as described in the text. RA and Dec are for J2000. R max is half the maximum extent between clusters in the supercluster. L X is the sum of all member cluster luminosities. The multiplicity is the number of member clusters. (8) lists the ID of the full REFLEX II superclusters. +1 means that the superclusters in the volume-limited sample acquired a new cluster member. (9) Y marks the existence of the supercluster in the f = 50 catalogue. Y − x indicates that x number of clusters that were missing in the f = 50 catalogue and Y/x indicates that the supercluster was divided into x number of superclusters. Table 3 . Parameters for the four volume-limited samples. They are constrained by z 0.1 with the luminosity cut given by L X,min in the second column. The total number of REFLEX II clusters in each volume is shown in the third column together with the number of superclusters in the fourth. The last column lists the linking length used to build the supercluster catalogue. volume the superclusters take up, we calculate the volume that the superclusters occupy compared to the rest of the volume. Defining the volume of a supercluster is not unique especially for those with only pair clusters. Here we assume that superclusters occupy a spherical volume defined by the maximum radius of a supercluster as given in Tables B1 and 2 . The ratio of the volumes between the superclusters and the field is of 2% for the reference VLS, and 0.6% for the full supercluster catalogue. This is another indication that the environment occupied by the superclusters is significantly different from the field.
X-RAY LUMINOSITY DISTRIBUTIONS
A census of the galaxy cluster population is provided by the cluster mass function. This function can be predicted on the basis of cosmic structure formation models such as the hierarchical clustering model for CDM universes by Press-Schechter type theories (Bond et al. 1991; Press & Schechter 1974) . Due to the close relation of X-ray luminosity and gravitational mass of clusters the mass function is reflected by the X-ray luminosity function (XLF) of clusters.
Thus we can use our data to study the observed XLF as a substitute for the mass function. As already mentioned in the intro- 44 erg/s. The numbers running from 1 to 31 indicate a unique ID for a supercluster, which corresponds to the superclusters in Table. 2. At the lowest luminosity cut 31 superclusters are identified, and as this cut becomes larger fewer superclusters survive. Blue arrows indicate that the supercluster found in the preceding lower luminosity cut survives to the next higher luminosity cut. The numbers in the main part of two tables indicate the multiplicity of superclusters. The multiplicity is expected to be lower towards a higher luminosity cut as it is found for all cases. '+' sign indicates that the supercluster obtained new member clusters at the given luminosity cut compared to the preceding cut. One exception is shown in the last column of the lower table where a new supercluster appears at the L X,1 cut. duction, we expect the growth of structure to continue in the dense supercluster region at a faster rate than in the field in the recent past. Thus the mass function should be more evolved. This evolution is most importantly characterised by a shift of the high mass cut-off of the mass function to higher cluster masses. We therefore expect a more top-heavy mass function and XLF for the clusters in superclusters.
The XLF of the REFLEX II clusters was derived by using the formula for the binned XLF
where ∆L is the size of the bin and V max = A/3r 3 max is the survey volume, i.e. the volume defined by the survey area A = 4.24 sr and the maximum luminosity distance d max L = r max (1 + z), at which a cluster with a given luminosity can just be detected. Note that we have a model for r max which depends on the sky position to account for the varying depth of the ROSAT survey. The relationship between the survey volume and the X-ray luminosity
where
We compare the XLF of clusters in superclusters with that of the field clusters by calculating differential and cumulative XLFs in Fig. 9 . We consider two samples, the flux-limited REFLEX II sample and the VLS reference sample. Note that the two luminosity functions are normalised in a different way. For the flux-limited sample in the bottom panel of Fig. 9 all three luminosity functions (all in black, superclusters in dotted, and field in dashed line) are normalised by the total survey volume, V X (L X ). Thus in this plot the superclusters and field luminosity functions add up to give the total function.
For the VLS the normalisation volume is constant and does not depend on L X . Here we normalised the luminosity functions by the total VLS volume, by the volume occupied by superclusters as calculated in Sec. 6.1, and by the residual volume of VLS after subtraction of the supercluster volume for the total, the superclusters and the field XLF, respectively. Now the XLF of the superclusters has a normalisation about 2 orders of magnitude higher than the total function as the volume occupied by superclusters is very small while more than half of the clusters reside in superclusters. The cluster density in the field is thus lower by about a factor of 2 and so is the normalisation of the field clusters XLF.
At first glance we do not see a striking difference in the shape of the XLF. We therefore resort to a more subtle method for the comparison of the shape of the function, using a KolmogorovSmirnov test. We restrict this test to the VLS for the following reason. For the total REFLEX sample the XLF as shown in Fig. 9 is affected by a bias which can distort our results. A close inspection of Fig. 3 shows that the fraction of clusters in superclusters are about 60% in the lower redshift and decreases to as low as 14% at higher redshift. Since the high redshift region is only populated by very luminous clusters, the field population gets a larger share of this very luminous clusters while the superclusters get a correspondingly larger share of the less luminous nearby systems. We could in principle correct for this by normalising the luminosity function by the actual volume occupied by the superclusters. However, since the nature of the superclusters and possibly also the nature of the estimated volume changes with redshift the introduction of another bias effect can hardly be avoided.
We do not have this problem for the VLS, thus we compare the normalised cumulative XLF of clusters in superclusters, and in the field in Fig. 10 . Now we see a clear effect that we have a slightly more top-heavy luminosity function in the superclusters. As the distribution functions of the cluster luminosities are un-binned, a Kolmogorov-Smirnov (KS) test was chosen to see if the luminosity distributions of field clusters and supercluster members are different. The test generally works quite well as long as the effective number of clusters N e = N S C N Field N S C +N Field 4. The KS probability, P, lies between 0 and 1, and a small value means that the two distributions are significantly different. The KS test of the VLS yields P=0.03 with a maximum separation of 0.15 at L X = 9 × 10 43 erg/s. To assess the statistical significance of this seemingly low value of P in an independent way we perform a null hypothesis test with simulations. We randomly re-assign the observed luminosities of the VLS sample to clusters, and repeat the KS tests on two cumulative luminosity functions 1000 times. We find that 13% of the KS probabilities is lower than P=0.03 for this null test, which corresponds roughly to 1.5σ detection of a difference in the luminosity functions. We prefer to quote the latter value of the more conservative probability of the null test as the significance of our results. Hence we conclude that although the difference of the luminosity distributions of the two populations of clusters is not very large, we find an inclination for the difference using the KS test, and there are more luminous clusters in superclusters than in the field in this volume-limited sample.
We therefore find the expected over-abundance of X-ray luminous clusters in superclusters, but the effect is relatively mild. Apart from the cosmological explanation for this effect given above, we can think also of another possible explanation. In dense en- vironments we may expect a larger frequency of cluster mergers, e.g. Richstone et al. (1992) . Randall et al. (2002) analysed in hydrodynamical simulations the change of the XLF and the temperature function of merging clusters, and found that the X-ray luminosity is boosted towards higher values for about one sound crossing time during a merger event. The cumulative effect of these merger boosts affects the XLF causing an increase of the apparent number of hot luminous clusters. This boost effect has not been verified by observations, however. An important observation in this context was made by Schuecker et al. (2001) , which showed that the fraction of sub-structured clusters increases with the cluster space density, analogous to the morphology segregation in clusters. Substructured clusters are the products of merging smaller clusters. Thus superclusters as regions of cluster overdensities are regions of enhanced interactions of clusters. Hence our finding that the XLF of clusters in superclusters differs from that of field clusters provides some evidence that the environment where the superclusters grow is different from the rest of our Universe. We plan to study these questions in more detail in subsequent work where we compare our observation with cosmological simulations. 
SUMMARY AND OUTLOOK
We presented the first X-ray flux-limited supercluster catalogue based on the REFLEX II clusters. Using a friends-of-friends algorithm we explored the selection of superclusters with different overdensity parameters, and studied the properties of the supercluster catalogues. Our reference sample is constructed with f = 10, which corresponds to finding marginally bound objects given our cosmology. The resulting REFLEX II supercluster catalogue comprises 164 superclusters in the redshift range z 0.4. The robustness of selection for varying linking lengths was tested by comparing to other previously known catalogues. Among the REFLEX II superclusters are the well-known nearby superclusters like Shapley and Hydra-Centaurus as well as unknown superclusters. On average these newly found superclusters have higher redshifts than what is already known with cluster of galaxies thanks to the redshift coverage of the REFLEX IIẆe compared the supercluster catalogue built with f = 10 to that with f = 50, which should trace the superclusters which correspond to the bound objects that are at turn-around. All superclusters at f = 50 were found in the f = 10 catalogue. We studied the multiplicity functions which show that our supercluster catalogue is largely dominated by superclusters with 5 or less cluster members from the REFLEX II cluster catalogue. Since superclusters are not collapsed objects, the definition of their volume is not unique and we decided to define the size of the superclusters by half the maximum extent of the clusters in supercluster. The distribution of this maximum radius shows that most of the superclusters are of size between 5 and 20 Mpc, and larger superclusters are dominantly found at higher redshifts.
We constructed a volume-limited sample of the REFLEX II catalogue with the constraints z 0.1 and L X 5×10 −43 erg/s. This control reference sample allows us to study the effect of a volumelimited in comparison to the flux-limited supercluster catalogue. One of our findings is that increasing the luminosity cut to make a different VLS emulates the effect of redshift on the selection of superclusters in the flux-limited sample. Thus, we were able to diagnose without external data a possible contamination in the catalogue, which turns out to be a maximum statistical contamination of 5.8% in our catalogue for z 0.22. Models of structure formation imply that the supercluster environment evolves differently from the rest of the Universe. This should result in a top-heavy cluster X-ray luminosity function. Thus we studied the XLF in superclusters and the field to test this expectation. Our finding suggests that in our volume-limited sample there are more luminous clusters in superclusters, and that the volume where superclusters are found is as minuscule as less than 2% in the volume-limited sample. Hence we conclude that superclusters provide a good astrophysical ground to study the evolution of the structure growth in a distinctly dense environment. In a future publication we perform a detailed comparison to N-body simulations to better understand the properties of the X-ray superclusters and the underlying dark matter distribution. (8) The existence in f = 50 catalogue (9) ID number. The positions and redshifts are calculated with an X-ray L X weighting of member clusters as described in the text. RA and Dec are for J2000. R max is half the maximum extent between clusters in the supercluster. L X is the sum of cluster luminosities. The multiplicity is the number of member clusters. Column 8 indicates if the supercluster found in the f = 10 catalogue was found in the f = 50 catalogue. Y − x indicates that x number of clusters that were missing in the f = 50 catalogue, and Y/x indicates that the supercluster was divided into x number of superclusters. The catalogue constructed with f = 50 contains no new superclusters compared to the main catalogue. 
